Lens system design makes extensive use of optimization techniques to improve the performance of an optical system. We know that designing a lens system is a complex task currently done by experienced optical designers, using specialized optical design software tools. In order to contribute to this particular field, this paper presents a comparison between lens design done by optical designers and evolutionary algorithms lens based design. Evolutionary algorithms consist in population-based global search methods inspired by natural evolution. They are recognized to be particularly efficient for complex non-linear optimization problems. Given the non-linear nature of lens design as an optimization process, evolutionary algorithms are good candidates for automating this task. The evolutionary algorithms were applied to the monochromatic quartet that was presented to expert participants at the International Lens Design Conference in 1990 (a friendly competition). Comparative results demonstrate that the evolutionary approach is able to find solutions slightly better than those presented at the competition. Then a real-life imaging problem is tackled. Results show that an evolutionary algorithm is again able to discover lens systems comparable to design done after a reasonable effort by experts. This paper presents an analysis of this approach for automatic lens design from a real-life optical design point of view.
INTRODUCTION
Usually, modern lens system design is conducted using specialized CAD tools that help designers to visualize the lens system, to evaluate its quality based on precise criteria, and to locally optimize the system variables. The design space of optical systems is typically a complicated multidimensional parameter space. By constructing a merit function (MF) that expresses the departure of individual configurations from ideal required performance, it is possible for the optical designer to determine all of the possible configurations that will yield the best solution to the design problem. Using a human based design procedure, an optical designer chooses an initial configuration and with the help of an automatic optimization algorithm modifies the configuration, moving it around in the design space to find a solution that gives the best, or, at least, acceptable performance. Even the best optimization routines cannot, in general, find the global optimum, the local minimum of the MF can be a very good solution based on the optical performances but also in terms of cost and manufacturing.
Most of the popular optimization routines like Damped Least Squares (DLS) are based on a gradient descent principle that only accepts steps that decrease the merit function. Thus the designer's solution often gets trapped in a local minimum 1 . This fact has motivated the development of global optimization (GO) tools. Today, computing power is available and more and more optical designers will use GO algorithms for maximizing the performance of their design. Several techniques are available. Many inexperienced optical designers will use a global search algorithm starting from a very rough initial design. Very rough means that the design has the correct number of surfaces, a defined stop position, initial glass selection, field of view, and wavelength. Sometimes, the very rough initial configuration can be parallel plates of glass with a curvature solved on the last surface to control the focal length. By defining a MF as well as many variables, the global search algorithms implemented in commercial CAD tools will find promising design forms but not necessarily the best possible solution. This latter job is left to the optical designer or to a separate algorithm. Generally, the global search will generate many solutions. Because the lowest merit function is not always the best (cost and fabrication issues), the designer will want to investigate one or two promising optical systems. By using those systems as a starting point, the optical designer will refine them by making adjustments and optimizations. This can be done by hand or by other algorithms like Hammer Optimization 2 . Finally, the best optical design is the one selected by the optical designer at the end. The choice will be motivated by a lot of factors such as potential cost, manufacturing, assembly, procurement and personal feeling. The art of optical design with computer assistance is to be able to determine a good starting point and supervise the optimisation process. An experienced optical designer knows when a program must be coaxed into a more fruitful direction.
LENS SYSTEM DESIGN WITH EVOLUTIONARY ALGORITHMS
The typical search space of optical system design is a complicated multidimensional space comprising several peaks, non-linearity and strong correlation between parameters 3 . We know that a local search explores only the immediate neighborhood of the initial solution, making the result very dependent on the starting point solution.
Since the end of the 1980's, several applications of global search methods have been made in optical design. More popular optical software now incorporates many simulated annealing or specialized algorithms to allow exploration beyond optima [4] [5] [6] . Evolutionary Algorithms (EA) are black-box population-based optimization algorithms inspired by natural evolution. They consist in evolving a population of solutions to a problem represented by an appropriate data structure (i.e. bit strings, real-valued vectors or computer programs) on which natural selection biased toward the "fittest" solutions and genetic operations such as crossover and mutation are applied. EA are now recognized as global optimization algorithms capable of dealing well with the exploration of hard non-linear, multi-modal functions and/or multi-objective optimization. On the other hand, their principal disadvantages are: 1) they cannot provide convergence guarantees, given their stochastic nature, and 2) the high computational cost required to evaluate the quality of millions, if not billions, of solutions required for the adequate optimization of hard problems.
The idea of using EA as a global optimization method for lens system design has been investigated by several researchers [7] [8] . Our recent work 8 has shown that evolutionary computations can be human competitive for real world lens design. The algorithms used were able to repeatedly generate excellent solutions to two different problems tackled with specific constraints and optimization criteria, including some difficult mechanical restrictions. In some cases, results have even surpassed those obtained by human experts, at least for the used criteria.
In the following, we analyze these results further from a real-life optical design point of view.
CASE STUDY

Monochromatic Quartet
Every four years, optical designers around the world can meet at an international optical or lens design conference. A lens design problem is always proposed in advance of the meeting so that attendees can work on this problem. Attendee solutions can be discussed and covered during the meeting and in a paper. Because the problem is always original and challenging, a large number of participants produce designs which can later serve as benchmark baselines for evaluating the performance of optimization processes.
The Monochromatic Quartet was defined for the 1990 International Lens Design Conference (ILDC now IODC) 9 . The statement of the problem is as follows:
Design a 4-elemenr,f/3. I® mm effective faJ length lens of BK? glass, illuminated by helium d wavelength (i.e.. = 1.51680). The object is at infinity, the object field covers 3O full field (15° semi-field angle) and the image field is flat.
Constraints no the constnjctioo included: only spherical surfaces, no asplierics, GRIN elements, Fresnel crises. binary elements, holognphic optical elements. dc. The minimum glass thickness is 2 mm, bitt theft was no upper limit art the size of the lens. The distortion mUSL be less han 1% and there was to be 'to vignetting. The last was intended to assure that viguettiog could not be used to improve the e3lge performance on the lens. No requirement was put on the lanon of the slop of the syst.m.
The meAt fianctioo consisted of the average of the RMS blur spot for three fields: on-axis, 10. (Bold surface is the aperture stop.) Figure 1 shows two of the best lenses achieved by 1990 conference participants. We will compare these two lenses with two lenses found by EA. Figure 2 presents the two lenses found using two different types of EA. Figure 2A shows a lens found by using a non-isotropic Self-Adaptive Evolution Strategy (SA-ES) 10 , and Figure 2B shows a lens found by a Covariance Matrix Adaptation Evolution Strategy (CMA-ES) 11 . The four lenses have been analyzed using Zemax-EE software (Nov. 2004 version)
12
. The objective of the analysis was not to compare the image quality (spot size), which has been discussed in related publications, but to focus on some other aspects of real-life lens design. We have looked through to Seidel coefficients, Optical Path Difference (OPD), the spot size out of the field (middle points) and tolerances. Table 1 shows the Seidel coefficients for the design presented in Figures 1 and 2 . The Seidel coefficients are the sum for the entire system. The coefficients listed are for spherical aberration (SPHA), coma (COMA), astigmatism (ASTI), field curvature (FCUR) and distortion (DIST). As we can see, the two lenses found by EA present a lower spherical aberration but the field curvature is also significantly larger than lenses found by the human experts. In a sense all those lenses are good based on the lens design criteria. The OPD shape and value show that the EA lenses are not well corrected for marginal rays (rays closer to the edge of the pupil) but very well corrected for central rays (ray closer to the chef ray). Figure 3 gives the RMS spot size for the entire FOV, not only at three specific values. It shows clearly that the human design presents a more uniform value over the whole field. 
Imaging Lens
In order to complete the analysis done in the last section, a new lens problem was studied by both EA and human experts. This real-world application can be more instructive on the difference between human and purely EA optimization. Table 2 gives the lens specifications. This lens is much more complex because it includes many physical constraints which can be difficult to respect. 
Radius
Human Based Solution
The lens arrangement found by the optical designer using standard optimization tools and experience was performed within the budget limits defined by the client (about 40 hours). The design is composed of five lenses within an arrangement -,+,-,+,+ using SF14, LaK16A, F1, Lak23 and BASF12 glasses (Flint, Crown, flint, crown and flint) as shown in Figure 4 . The ray bending is quite smooth and the lens shape is acceptable from a manufacturing point of view. No doubt that with more resources, the expert could have produced a better system.
The results mainly show that the lens is just at the limit of the specifications. The safety margin is very limited. This is the main characteristic of an optical design done by professional designers, due to limited time and money, the lens specification is just respected with a small but sufficient safety margin. Figure 4 : The solution found by human experts that respected the specifications after conducting a best effort search.
EA results
Lenses have been found by SA-ES and CMA-ES algorithms. The SA-ES solution is shown in Figure 5 . The lens is composed of five lenses organized in an arrangement +,-,-,+,-using flint, crown, flint, flint and flint glasses. The form of the lenses is not very uniform, the second lens is a concentric lens, and the last two are quite thick. The ray bending is not as smooth as the lens found by the human expert, particularly for the last lens. We also notice with the ray tracing that the pupil aberration is large (pupil marginal ray position).
Nevertheless, the performance of this design is very good on all aspects of the problem specifications. The image quality is also very good and pretty uniform along the field of view. Figure 5 : Best lens system found with non-isotropic SA-ES for imaging lens system problem.
Tolerancing
One of the most important criteria for a real-world design, however, is the manufacturing and the assembly of the lenses. Tolerancing a lens consists of these steps (see Zemax Manual for details 12 ):
1) Define an appropriate set of tolerances for the lens. Table 5 gives the set of tolerances. 2) Back focal distance is used as compensators with a 5 mm range.
3) Select an appropriate criterion, the RMS spot radius is used. 4) Sensitivity mode is used. 5) Worst offenders are recorded. 6) Monte Carlo (MC) Analysis: The sensitivity analysis considers the effects on system performance for each tolerance individually. The aggregate performance is estimated by a root-sum-square calculation.
As an alternative way of estimating aggregate effects of all tolerances, a Monte Carlo simulation was performed. This simulation generates a series of random lenses, which meets the specified tolerances, then evaluates the criteria. No approximation is made other than the range and magnitude of defects considered. By considering all applicable tolerances simultaneously and exactly, a highly accurate simulation of the expected performance is possible. The Monte Carlo simulation generates 20 designs, using normal statistic distribution for each tolerance attribute.
The results are as follows:
Human based design:
The worst offender is the decenter of the third lens (just after the stop) and it produces a change in the RMS spot size of 109%. The statistical analysis (20 trials) shows that the best system raises the spot by 158%, the worst by 500%, with an average increase of 300%. The RMS spot size after manufacturing will be less than 32 um with a probability of 90%, less than 25um with 50%, and 10% of the lens will have a RMS spot size less than 13 um.
EA lens:
The worst offender is the thickness of the second lens (concentric lens) and it produces a change in the RMS spot size of 1500%. The statistical analysis (20 trials) shows that the best system raises the spot by 225%, the worst by 1900% with an average increase of 850%. The RMS spot size after manufacturing will be less than 63 um with a probability of 90%, less than 34 um with 50%, and 10% of the lens will have a RMS spot size less than 15 um.
This tolerance analysis shows that the Human based design is more robust than the EA lens. The EA lens is mostly sensitive to manufacturing errors (thickness, wedge). If both lenses are built, there is a 10% probability of obtaining the exact same result as in the laboratory. But the human based design will be produced with a probability of 90% with a spot size twice as small as the EA design. It should be recalled here that the nominal EA design spot size was smaller by a factor of 2. So the large margin of the EA design was not enough to guarantee the manufacturing process.
These results are not very surprising from an optical design point of view. The manufacturing and the assembly tolerances are very sensitive to lens bending and overall lens shape. During the optimization process, the optical designer can discard bad designs based on his experience. But, it should be stressed that no constraints or measures were used during the EA process to guide the optimization process towards the generation of robust solutions. The shape of the lens is somewhat difficult to put into numbers, it is much more related to the personal feeling of the optical designer. Lens bending, however, could easily be taken into account by the EA optimization process, for example by formulating some kind of manufacturing and assembly tolerances as an optimization criterion, in order to generate solutions that are both robust and of good quality. Indeed, as we previously indicated with the simultaneous optimization of lens quality and cost 8 , EA can deal well with this kind of multi-objective optimization problem.
CONCLUSION
In the first part of the paper we have discussed the monochromatic quartet design. The four lens systems presented were essentially very good solutions. Both lenses from experts using optical design software, and from EA optimization processes have provided notable results. We can observe that the EA process found solutions better than the best solution found by experts.
The second part about the imaging lens problem is very interesting. The nominal results showed that the EA lens was better than the expert design by a factor of almost two. Even though both lenses respect the problem specifications with different safety margins, a manufacturing and assembly tolerance analysis has shown that the EA lens was up to four times more sensitive than the lens produced by the human expert, thus losing its nominal advantage. This is not very surprising; tolerances are very sensitive to lens bending and overall lens shape, which was not taken into account by the EA.
In conclusion, lens system design is a very complex process in which it would be surprising that human expertise could be completely removed. Nevertheless, by being human competitive in terms of nominal results, EA have shown their great potential. The next step is now to find a way to include other objectives such as ray bending, or even a sensitivity analysis, into the EA process, in order to design optics better suited for manufacturing.
